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How Our Brains Understand Time
by Laura Grosh

I

f you have ever taken a road
trip, you are familiar with
the age old question: “Are
we there yet?” The anticipation,
excitement, and hope ingrained in
this question almost always has a
disappointing response, even when
it feels like you have been driving
forever. Simple decisions like when
to ask for a rest stop break or when
to change the music to a different
song or album all depend on how
we are experiencing the passing of
time. But, the time we experience
often does not match the time on
our watches or the time the people
around us may be experiencing. The
perception of time is deeply rooted
in our most basic experiences. It
has seeped into our language;
phrases like “are we there yet?” or
“time flies when you’re having fun”
are ubiquitous and carry meaning.
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While our interpretations of time
are established in our everyday
experiences, we struggle to define
our internal interpretations of it.
Often, we don’t even think of it as
something we perceive. Unlike our
other senses, time does not have
a well-defined sensory system.
There is no ear or nose for time.
The elusivity of time creates a
philosophical question as well as a
scientific one.
Time was squarely in the
philosophical realm for hundreds of
years. Some philosophers, such as
Immanuel Kant, believed that time
is an innate and foundational aspect
of experience. He states, “Space
and time are the framework within
which the mind is constrained to
construct its experience of reality.”
To him, time lived outside of the
mind. Other philosophers, however,

disagreed, such as the French
philosopher Guyau. He held the
belief that it was our movements
through space that created time.1
Even after the advent of scientific
exploration of the neuronal basis
of time, philosophers postulated
about time in ways they didn’t
about our other senses.
The scientific exploration of
time perception did not begin
until the 19th century. Karl von
Vierordt, a German physiologist,
had successfully invented the
first blood pressure cuff, and was
ready for a challenge. Through
meticulous experiments, almost
exclusively using himself and a
lone research assistant as test
subjects, he published the first
book on time perception with a
scientific basis. This book reported
an interesting phenomenon now
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known as Vierdordt’s Law; there is
a natural tendency for people to
overestimate short periods of time
and underestimate longer periods
of time.1 While this may seem
intuitive, it opened the next chapter
in the study of time perception by
proving that this was able to be
studied by science.
But what are the neural
mechanisms
underlying
our
perception of time? How and
why do emotion, drugs, age, and
medical conditions change this?
First, we must understand how our
internal clock ticks.

Search for the
Internal Clock
If we have some internal
experience of time passing, there
must be an internal mechanism
responsible for this. In the 1960s,
the mechanism for such an internal
clock was proposed explicitly for
the first time. However, it was
not until 1984 that John Gibbon
changed how we think about
our brains and time by creating
a more definitive model for the
internal clock. His theory, named
the Scalar Expectancy Theory,
was derived from two intuitive,
familiar phenomena. First, your
understanding of time is relative
to the duration of time. Let’s go
back to the road trip. If it has been
agreed upon to change the music
once the album is over, it might be
logical to request new music one or
two songs before the album is over.
If the music will be changed every
song, it is more likely that the request
would be closer to the end of the
song. When you request a change
is relative to the period of time that
has been established for changing.
The second phenomenon is that
accuracy of timing is also relative
to duration of time. If a child asks
“Are we there yet?” and is told to
ask again in an hour, the child will
be less accurate than if they are

told to ask again in 10 minutes.
With these two observations, John
Gibbon described the model of the
internal clock.2
Gibbon’s clock has two
main parts: a pacemaker and an
accumulator.3 With some stimuli,
the pacemaker begins, sending
pulses to the accumulator (Figure
1). The accumulator is responsible
for collecting and counting these
pulses. To determine how much
time has passed, the number of
pulses is compared to memory
banks of similar situations. If there
are more pulses than in the past,
more time has passed, while
fewer pulses means that less time
has passed. This mechanism,
while simple, revolutionized our
conception of internal clockwork.
Decades later, Gibbon’s model
of an internal clock prevails for time
keeping in seconds to minutes
decision-making, albeit with some
modulating factors. When Gibbon
published his proposed internal
clock in 1984, he did not propose
a location of these mechanisms.
It was not until years later that
patterns of neuroanatomy and
neurotransmitters were uncovered.

Neuroanatomy and
Neurotransmitters of
Interval Timing
The neuroanatomy of time
perception is complicated in that
there is not one location of the
internal clock, nor a single pathway
that meanders through the brain.
Perhaps we don’t know what we are
looking for, but instead, we have
found various brain regions that
have been shown to be important
for each step of Gibbon’s internal
clock.
Stimuli from the world is thought
to begin the internal clock process,
or turn on the pacemaker. Centers
around the brain each specialize in
receiving and processing different

types of sensory information. All
of this sensory information is then
integrated in the parietal cortex
before higher level processing in
the prefrontal cortex. The prefrontal
cortex is the control center of the
brain. Because of its ability for
higher level thinking, it determines
what stimuli is “paid attention
to.” This decides which stimuli
turn on the pacemaker and which
do not.4 Once the pacemaker is
sending out pulses, certain areas of
the brain have been shown to be
better at understanding quantities.
These areas would be important in
collecting and counting pulses, and
so we understand these areas of
the brain as the accumulator. The
prefrontal cortex, basal ganglia,
and parietal lobes are all such
areas.5
The sending out and collection
of pulses in these brain areas
are useless without comparing
them to older experiences. The
hippocampus is the storage
area for memory, and plays an
important role in comparing current
experiences of time with past ones.
There are four general types of
memory. Memory of conceptual
information, memory of automatic
and procedural movement, memory
of past personal experiences
called episodic memory, and the
working memory, responsible for
processing recent and current
events. Working and episodic
memory are the most important in
time perception.4 Memory banks
of working and episodic memory
in the hippocampus contain the
information that we compare our
current world to and facilitate this
comparison, determining how
we interpret what is currently
happening around us.
Following the comparison
of memory, the prefrontal cortex
is again important in the final
integration of information. Here,
decisions are made—is it time again
to ask, “are we there yet?” The
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execution of time-based decisions
requires motor coordination, a
perfect mirror image to the sensory
information that started the whole
process.4
While it is useful to understand
the brain areas that make up our
internal clock, we can go one step
further. How do the neurons in these
areas communicate? To understand
this, we examine neurotransmitters,
the chemical messengers between
neurons.
People
know
the
neurotransmitter dopamine best
as a chemical that makes you feel
good. While it is better known as
a part of the reward circuit than in
time perception, it is the first key
neurotransmitter in the internal
clock. Dopamine is thought to
be the neurotransmitter to turn
on the internal clock and sets
its speed.4,5 We can study this in
patients with Parkinson’s Disease,
which
decreases
dopamine
production. They are compared
to patients that take medications
to replenish dopamine. Without
it, individuals no longer display a

change in estimation of time with
duration and when estimating two
separate durations, tend to push
them together. On a car trip, this
would be like requesting a change
in music every minute regardless
of song length, instead of waiting
towards the end of a song or
album. As dopamine also has major
implications in motor movement,
the execution of decisions following
a duration of time is difficult without
dopamine.
Acetylcholine is the other
neurotransmitter that plays a role
in understanding and interpreting
time.4,5 We know that acetylcholine
plays an important role in the
formation and storage of memory,
making it inherently important
for our internal clock. Levels of
acetylcholine in the prefrontal
cortex also may influence how we
interpret time. Drugs that increase
this, like nicotine, leads to an
overestimation of time, regardless
of the time duration.
Together,
dopamine
and
acetylcholine make the internal
clock tick. But sometimes, our

gears get stuck, or start spinning
out of control.

When Timing Goes
Wrong
When David Eagleman was
8 years old, he fell off of a roof.
What stuck with him about this
experience was how long it felt
like he was falling. “I was thinking
about all my different options. I
was thinking how I might grab
the tar paper [edge of the roof]
as I was falling and then I realized
it was too late, so I was looking
down at the ground and had a
complete calmness as the brick
floor came near me.” He likened it
to “falling down the rabbithole” in
Alice and Wonderland, that long,
fast-but-taking-forever fall.6 It was
only until a high school physics
class that he calculated how long
the fall actually took, and what
he discovered shocked him. The
whole thing took under a second,
despite remembering the vivid
detail and experience he knew he
had. Eagleman is now a Stanford

Figure 1. An overview of Gibbon’s internal clock model. Original image by Laura Grosh. Created in BioRender.
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neuroscientist, determined to find
out how these moments of terror
slow down our perception of time.
It is unethical to put test subjects
in a true life-threatening situation to
test this. But Eagleman’s research
team found a way to emulate a
similar level of fear. They drop
subjects backwards off a platform
to fall 150 feet with no ropes,
harnesses, or tethers. The subjects
are caught in a net, no one has
been hurt yet, but the experience
consistently is rated 10 out of
10 for terror time after time. The
participants consistently report the
fall taking longer than an observer,
like in Eagleman’s childhood
experience. To understand how the
participants experience time in the
moment, they wear a watch that
flashes between a number and the
negative space around the number.
Flashing at a fast speed, it appears
as if all the lights are lit up, it is
only if the flashing is slowed down
that the number is distinguishable.
The falling participants, while
reporting a slowing of time, cannot
distinguish the number. Through
this experimental design, Eagleman
and his colleagues found that the
world does not actually go into
slow motion during experiences,
but our perceptions of the memory
of them makes it seem that way.7
Changes to the internal clock alter
the perception of experiences,
even if we do not truly see the
world in slow motion.
Alterations in the internal
clock do not happen only in near
death experiences. Drugs like LSD,
disorders like Parkinson’s disease
and schizophrenia, autism, age,
and emotion cause drastic changes
to the perception of time. They all
alter the internal clock in unique
ways. Renowned neuroscientist
Oliver Sacks profiled some of
these changes in a 2004 issue of
The New Yorker.8 Sacks points out
that not all of these changes are
negative. Overestimation of time

David Eagleman’s free fall tower.7 Creative Commons Attribution License.

may allow a baseball player to hit a
ball coming at 100 mph, or a ballet
dancer to complete a series of
complex and precise movements.
Sacks likens these changes to
the stylistic slowing down and
speeding up in the infamous movie
The Matrix. The “bullet time” that
viewers of The Matrix experience
is very similar to how one of these
moments that alter time perception
may feel. But like coordinating a
normal camera lens with a slow
motion scene, our brains have
biological mechanisms that result
in alterations of perception.

The Complexity of
Emotion
Emotional modulation seems
like the simplest way to alter time

perception. But emotions can be
hard to quantify and can range
from a little boredom all the way to
the fear of a near death experience.
The simplest way to study how
emotions change the perception
of time is by showing people
different faces. The sight of an
angry face may cause a reaction
of fear, or seeing someone happy
may make you more happy. While
this isn’t a precise way to measure
an exact emotional response, it is
a great starting place. This simple
experimental design is enough
to change how we perceive time.
When shown variously emoting
faces for different durations,
people will consistently under or
overestimate how long they were
shown the face, depending on
what emotion it is. Emotions such
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as anger, fear, and sadness leads
to a consistent overestimation of
time, while happiness leads to
an underestimation of time.9 This
effect is even greater in young
children, who tend to derive more
of their emotion from mirroring
emotions around them.
As groundbreaking as these
results were, it did not answer the
question of how emotions modulate
time perception. Surely it was not
as simple as negative emotions
leading to overestimation of time
and positive emotions leading to an
underestimation. Time flying with
friends and the anticipation of the
destination of a road trip are both
positive emotions, yet one leads
to an overestimation of time and
one leads to an underestimation of
time. Emotions had to be broken
down further. And if the internal
clock was going to prevail, these
aspects of emotion had to have

place and functionality within the
internal clock model.
Two aspects of emotion emerge
in the perception of time: emotional
arousal and attention. Emotional
arousal refers to the physiological
changes that happen because of
emotion; your heart beating faster
and your temperature rising are
two hallmark characteristics. This
can be displayed in positive and
negative emotions—both fear and
excitement result in physiological
arousal. The other aspect is
emotional attention. This can also
go multiple directions. Where
your attention is directed matters;
is it directed on the emotional
experience itself, or what is going
on around you?
With emotional modulation
defined by these two parameters,
we can then discover how these
modulators fit into the emotional
clock and change time perception.

Figure 2. How arousal and attention work together to create different perceptions of time. Original
image by Laura Grosh. Created in BioRender.

121

Emotional Arousal: a
Sliding Switch
In the lab, researchers can
change a person’s physiological
state a few different ways. Body
temperature is relatively easy
to manipulate, so it became
the starting point for studying
physiological excitement in time
perception. A direct correlation
between body temperature and
subjective time has been found: a
rise in body temperature led to an
overestimation of time.10 The same
positive correlation was found with
stimuli that increased heart rate.
Multiple means of increasing heart
rate, such as showing participants
sexually explicit pictures, all
found this effect—participants
overestimated how long they were
being shown these images.11
Emotional
arousal
can
also be manipulated through
the use of pharmaceuticals.
Stimulants such as cocaine and
methamphetamines are established
in increasing physiological arousal.
Administration of these drugs
leads to an overestimation of
time. Antipsychotics that decrease
arousal leads to the opposite
result.12 Through many means,
the manipulation of emotional
arousal led to an alteration of time
perception.
But where does this fit into our
internal clock model? Physiological
excitement is thought to act as a
sliding switch on the pacemaker.13 It
is not solely responsible for turning
on the pacemaker, but determines
the intensity and frequency of the
pacemaker’s pulses. An increase in
arousal makes the pacemaker go
faster. This results in more pulses
being collected by the accumulator.
Compared to a memory bank,
more pulses would be interpreted
as a longer period of time. This
mechanism explains how increased
physiological arousal, through
various means of manipulation,
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alters time perception.

Emotional Attention:
the Gatekeeper
Attention is both difficult to
measure and define. In the process
of time perception, attention
is considered to be relevant or
irrelevant.13 Relevant attention is
attention directed at emotional
and time processes; your attention
is focused on how you feel and
how time feels. Irrelevant attention
is the opposite; you are paying
attention to something, but that
something is not your emotions
and perception of time. Specific
rhythmic and repetitive brain waves
are associated with attention. Some
studies have shown that attention
to time processing increases how
synchronized these brain waves
are. In other words, thinking about
how time feels may make these
repetitive brain waves line up. As in
physiological arousal, the opposite
is true as well. Sharing your attention
with things unrelated to perceiving
time may make these brain waves
go even more out of sync.5
In our model of the internal
clock, attention is a gatekeeper.14
The door of attention is always
cracked open a little bit to how
we perceive time. But when we
concentrate very attentively on
how time and emotions feel, this
door is opened wide. When this
door is wide open, pulses from
the pacemaker readily get to the
accumulator. In this state, more
pulses reach the accumulator than

in a normal, steady state. So, time
is overestimated. When attention is
switching between time perception
and irrelevant stimuli, the door can
be described as leaky with holes.
All of your attention is neither
on time nor on what is going on
around you. Some pulses get
through from the pacemaker but
the door is also attempting to
stay open for other distracting
stimuli. Ultimately, this leads to
fewer pulses getting through to
the accumulator. This leads to time
being underestimated.

Assembling Your
Inner Clock
These two aspects of emotion
together can answer the question
of how emotional modulation
of time perception happens.
An increase of physiological
embodiments of emotion lead to
overestimation of time, as does
emotionally relevant attention.
Emotionally irrelevant attention
leads to an underestimation of
time. Physiological arousal and
emotionally relevant attention are
observed together and separately,
but arousal and emotionally
irrelevant attention are only
observed separately. These puzzle
pieces fit together to show us how
different emotions change time
perception.
When David Eagleman fell
off a roof, it was very likely that
his sympathetic nervous system
(responsible for our fight or flight
response) went into overdrive.

This overload of physiological
arousal was paired with emotional
attention, evident through his
retelling of the story, filled with
details of how he felt and how he
felt time passing. The physiological
arousal turned his pacemakers
speed up, and all of the pulses
made it through the attentional
gatekeeper. The result? Much
higher levels of pulses reached the
accumulator than normal, so his
interpretation of time was altered.
Time slowed down.
So why does time fly when
we’re having fun? Because our
attentional efforts, while focused
on having fun, are not focused on
how time is feeling. The attentional
door has developed some holes,
and is attempting to stay open
to both time perception and the
distracting feelings of fun. Fewer
pulses reach the accumulator than
normal, making us underestimate
the amount of time that has passed.
Time flies by.
Next time you take a road trip,
the cries of “Are we there yet?” will
now make sense. The anticipation of
arriving at a destination will increase
heart rate and with nothing else to
think about, attention is diverted
to how slowly the time feels like it
is passing. A simple question has
cultural meaning, but it also has a
biological explanation. It may not
make the never ending question
less annoying, but there is a logical
explanation. Our internal clocks
have once again been manipulated
by emotion.
■
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